PHYSICS MOTIVATIONS

Potential Properties of Cryogenic Detectors
It has been realized recently [1] that it may be advantageous to detect particles through processes different from ionization. The break up of Cooper pairs in a superconductor (leading to formation of quasi particles) or the generation of phonons in a crystal provide several interesting properties.
-Detectors sensitive to these processes would be sensitive in the bulk and would be made quite massive (several hundred grams). Some methods may allow to implement good position sensitivity.
-Since the detected energy quanta is much smaller ( 1 me V for quasi particles, 1O-6e V for phonons at 10mk) than for electron-ion or electron-hole pairs (20 eV and 1 eV respectively). It may be possible to obtain very low thresholds and very gocxi energy resolution.
-As explained under section 2.1.5 the. combination of phonon and ionization detection may allow to give a signature that an interaction occured on a nucleus, [2] providing in some cases a much needed rejection of the radioactive background [3] .
Because these detectors have to work at very low temperature, they are usually referred to as cr)'ogenic detectors.
Physics Applications
The above properties have attracted a large number of groups. (See table I for a tentative list of groups developing large mass cryogenic detectors in the USA).
* Talk given at the workshop on cryogenic detectors, Max-Planck-Institute, Munich, Rindberg Castle, March 13, 1987 The most developed application is the use of bolometer (i.e. phonon detectors) for X ray astrophysics [Ic] . The goal is to obtain a resolution of I eV for each photon.
Cryogenic detectors are also quite attractive for searches of dark matter if it is made out of particles (see e.g. Ref. [3] and references therein). They may complement in an essential way [4] the current searches [5] using conventional technologies. This is the main motivation in the USA for the effort of the UC Berkeley / LBL team and of Drukier et al.
The detection of neutrino coherent scattering requires also such detectors [6] . This is the main driving force behind the Stanford effort; Cabrera et al. are interested both in detection of reactor and solar neutrinos. Detection of solar neutrinos (through neutrino-electron interaction) is the goal of the Brown University effort.
The potential energy resolution and the bulk sensitivity make these detectors very interesting for double beta decay [7, 6] . UC Santa Barbara is particularly interested in this application.
This energy resolution may be also interesting for electron neutrino mass measurement [8] but as explained by Fiorini [9] at this workshop the problem of pile up is severe.
DISCUSSION THEMES
We are therefore witnessing in the USA as in Europe, a burst of interest for cryogenic detectors.
However, in the States, most groups are still in the tooling up and exploration phase. It may be 2 ;01>.
interesting to describe some of the discussions going on.
What is the Best Sensor?
When launching a development, the first decision to take is the kind of sensor to choose, in order to get the low threshold, energy resolution and localization needed. Let us review the candidates. may eventually be applied also to detection of quasiparticles created by particle interactions. Note that bolometry does not work very well with a superconductor since most of the energy is transformed in quasiparticles which have a long recombination time [12] .
Phonon Detection through Bolometry.
A first method to detect phonons is basically to measure a temperature rise with a thermistor. This bolometric method is explored at very low temperature with semiconductor thermistors by the Berkeley team. Transition edge superconducting thermistors have not yet attracted any American group [13] because of the very narrow temperature range of operation, the difficulty of coupling with amplifiers because of their low impedance (l00Q) and the variability of film properties. A new bolometric method based on the variation of skin depth in a superconductor has also been proposed [14] .
Let us refer finally the reader to the talk of G. Seidel at this workshop [15] for a description of the method proposed by the Brown University team to detect high energy phonon configuration in liquid helium (rotons) with bolometry.
Phonon Detection with Tunnel Junctions.
A second method to detect phonons of high enough energy (> 1 me V) is to use tunnel junctions.
Phonons break Cooper pairs in a superconducting film and the created quasiparticle produces a current in a junction. This has been the choice of Cabrera et al. in Stanford. However for this scheme to work, junction areas should be maintained small and quasiparticles will have to be trappped below the junctions in a way similar to that proposed by Booth [11] .
Combination of Phonon and Ionization Detection.
A low energy recoiling nucleus is providing much less ionization that an electron of the same kinetic energy (for a review see e.g. [16] ). The rest of the energy should appear in heat. If both components can be measured, a powerful tool of rejection of interactions on electrons (due to background radioactivity) could be obtained. The Berkeley team is planning to explore this possibility. The main difficulty may be to prevent too large a trapping of ionization products on impurities.
What is the Importance of Ballistic Phonons?
A second major discussion theme is the role of ballistic phonons in phonon detectors at low temperature.
2.2.1
The Thermal Equilibrium Description.
In the usual description of bolometers [17] it is stated that the intrinsic limit is given by the energy fluctuation in the detector. If it is a crystal of heat capacity C at temperature T, it is given by:
where ~ is a factor of the order of 2.5 including the Johnson noise of the bolometer. In the second we have used the Debye law:
where M is the mass of the crystal. The basic idea [1] of large mass phonon detectors is then to compensate the increase of mass with respect to conventional bolometers by a much smaller decrease of temperature. This description however assumes that phonons are in thermal equilibrium.
Ballistic Phonons
As first noticed by Cabrera in this context [18] , this is almost certainly wrong. At very low temperature the mean free path of phonons is very long (i.e. they are ballistic, see e.g. [19] ) and the high ynergy phonons produced in an interaction will stop cascading down at an energy much higher than the crystal temperature because of the disappearance of anharmonic terms and because of phase space restrictions.
The exact energy distribution is poorly known but their average energy is believed to be of the order of 10-3 eV.
Impact of Detector Design
Such a property can be helpful in the detector design. It is no more the total heat capacity of the crystal which is relevant but the sensitivity of the sensors. Therefore it may be possible to work at larger temperature or with larger volume. Devices sensitive only to high energy phonons such as tunnel junctions can be used. Finally good localisation may be obtained by timing or by focusing (Cabrera [18] ).
However in spite of its positive aspects, ballistic propagation of phonons may have detrimental effects (see also [20] ) such as a position dependence response due to focusing', a variation from event 4
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(j J to event of the non ballistic component due to e.g. fluctuations in the cascading down or the number of ~eflections on surfaces defects and isotopic impurities, escape of phonons along some crystal support made of the same material (an effect seen by Moseley et al. in their X ray detector design [21] )etc ...
Before experimental results are gathered with a variety of sensors, it is difficult to optimize a detector design.
Parasitic Effects
It should be realized that the extrapolation, say, from the result of McCammon et al [Ic] which use crystals of 10-5 grams to 10 grams or 1 kilogram crystal is enormous and requires to work in a much lower temperature region, which is from the point of view of solid state physics, a nearly virgin territory! Let us discuss a few of the questions.
Is the Debye Law Valid at Very Low Temperature?
Note that of the ballistic phonons are indeed predominant the question may be irrelevant.
What is the Effective Phonon Coupling to the Sensors?
Most groups are leaning in the direction of composite detectors where there is a mechanical interface between the sensor and the crystal. Phonon velocity mismatch between the two sides and absorption on one side leads to a Kapitza resistance varying rapidly with temperature. Phonons may then be internally reflected, and not couple effectively with the sensor.
How does the Physics of the Sensors Evolve with Temperature?
For instance the results of Berkeley described below may indicate a decoupling of electrons of the thermistor from the phonons of the lattice, which may prevent proper biasing of the bolometer.
Another example is the problem of leakage current in tunnel junctions which in some case have a non temperature-dependent component which is poorly understood.
EXPERIMENTAL RESULTS
Let us finally turn to the few experimental results which have been gathered so far in the USA. A.
Kotlicki [10] described results on superconducting granules and we will not cover them here. We will distinguish between three regions. Usually those results are limited by non-optimal design. For instance the Berkeley result could be theoretically improved by a factor 20 on signal height, a factor 3 by optimal filtering and a factor 10 on the electronics noise and reach eventually the thermal limit of 6kev r.m.s. It remains to be seen whether parasitic phenomena will not limit performance.
The 300 mK-100mK Re&ion
The Stanford team is tooling up, assembling a 300 mK 3He refrigerator and manufacturing tunnel junctions with lithographic techniques.
The best work for the time being is that of the Wisconsin-Goddard group This group is now designing their final device with which they hope to go down to few e V FWHM.
However they encounter three problems [21] : c) Excess 1/f noise which does not seem to come from contacts.
The 20 mK Re&ion
The Berkeley group decided to go directly to low temperature. While waiting for our own dilution refrigerator to be delivered in September, we borrow time on other refrigerators to use Neutron Tansmutation Doped (NTD) germanium thermistors.
Our first attempt atlow temperature, (confirmed since the workshop by additional measurements)
indicated an extreme sensitivity of the thermistor resistance on the electric power dumped into it.
3.10-16 Watts are sufficient at 18 mK to induce a significant change of the resistance! Because of the weak electric field involved (0.01 V fcm), it is tempting to neglect in first approximation the field dependence of the resistance and compute an effective electron temperature from the measured resistance. The derivative of the electric power with respect to this quantity gives an effective thermal conductance which is plotted in Fig 3 for different bath temperatures. These results are very preliminary but are suggestive of a very sharp break off of the coupling of electrons to the lattice at low temperature. Another explanation could be given in terms of a very strong dependence on the electron field.
We are currently checking in detail this unexpected result and evaluating its impact on the sensitivity 7 of NTD bolometers at very low temperature. 
CONCLUSION
As shown above, there is a lot of enthusiasm rising in the USA for cryogenic detectors and many groups are tooling up and starting development.
It is clear however, that the questions to solve are as much at the frontier of solid physics as at that of technology, and several years of painstaking effort are ahead, before a working device of reasonable size could be made. This will require reasonable funding to escape the common pitfall of superficial, undercritical effort. Coordination and exchange of information will be essential between the various groups in the US and Europe.
